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Anthrax toxin (ATx) is composed of the binary exotoxins lethal toxin (LTx) and edema toxin (ETx). They
have separate effector proteins (edema factor and lethal factor) but have the same binding protein, protective
antigen (PA). PA is the primary immunogen in the current licensed vaccine anthrax vaccine adsorbed (AVA
[BioThrax]). AVA confers protective immunity by stimulating production of ATx-neutralizing antibodies,
which could block the intoxication process at several steps (binding of PA to the target cell surface, furin
cleavage, toxin complex formation, and binding/translocation of ATx into the cell). To evaluate ATx neutral-
ization by anti-AVA antibodies, we developed two low-temperature LTx neutralization activity (TNA) assays
that distinguish antibody blocking before and after binding of PA to target cells (noncomplexed [NC] and
receptor-bound [RB] TNA assays). These assays were used to investigate anti-PA antibody responses in
AVA-vaccinated rhesus macaques (Macaca mulatta) that survived an aerosol challenge with Bacillus anthracis
Ames spores. Results showed that macaque anti-AVA sera neutralized LTx in vitro, even when PA was prebound
to cells. Neutralization titers in surviving versus nonsurviving animals and between prechallenge and post-
challenge activities were highly correlated. These data demonstrate that AVA stimulates a myriad of antibodies
that recognize multiple neutralizing epitopes and confirm that change, loss, or occlusion of epitopes after PA
is processed from PA83 to PA63 at the cell surface does not significantly affect in vitro neutralizing efficacy.
Furthermore, these data support the idea that the full-length PA83 monomer is an appropriate immunogen for
inclusion in next-generation anthrax vaccines.

Anthrax is caused by infection with Bacillus anthracis, and its
pathogenesis is associated with an antiphagocytic poly-D-glu-
tamic acid capsule and a binary anthrax toxin (ATx). The ATx
comprises two protein exotoxins: lethal toxin (LTx) and edema
toxin (ETx). The two toxins both have a binding protein called
protective antigen (PA) but have separate effector proteins,
edema factor (EF) and lethal factor (LF) (3, 20, 56). LTx is
composed of PA and LF, and ETx is composed of PA and EF.
In the initial stages of infection by B. anthracis, full-length
83-kDa PA (PA83) secreted by the bacterium binds to either
one or both of at least two host cell ATx receptors (ATRs):
tumor endothelial marker 8 (TEM8) (7, 27, 57) or capillary
morphogenesis protein 2 (CMG2) (51).

Vaccines containing PA as the major component confer
protective efficacy in various animal models of multiple routes
of infection (5, 14–16, 29, 42–44, 59). PA has four domains: an
amino-terminal domain (domain 1, which is composed of sub-
regions 1a and 1b) that contains two calcium ions and the
S163RKKRS168 cleavage site for activating proteases, a hep-
tamerization domain (domain 2) that contains a large flexible
loop implicated in membrane insertion, a small domain (do-
main 3) hypothesized to aid in oligomerization, and a carboxy-

terminal receptor-binding domain (domain 4) (26, 41). Upon
binding to an ATR, PA is proteolytically cleaved by the cell
surface protease furin to a 63-kDa polypeptide (PA63), releas-
ing a 20-kDa amino-terminal fragment (domain 1a). Cleavage
and release of domain 1a facilitate assembly of the PA pre-
pore; a heptameric ring-shaped structure with a negatively
charged lumen. Assembly of the prepore exposes a large hy-
drophobic surface for binding of LF and/or EF molecules to
form ATx (9, 17, 19, 26, 33, 35, 37, 41). One PA63 heptamer is
able to bind up to three LF and/or EF molecules. The ATx is
then endocytosed by a lipid raft-mediated clathrin-dependent
process (1, 34). The low-pH conditions (pH 5.5) in the endo-
some induce the prepore to undergo a conformational switch
that translocates ATx to the target cell cytosol (6, 17, 18, 24, 32,
37, 41, 55).

The current licensed vaccine for use in humans is anthrax
vaccine adsorbed (AVA [BioThrax]; Emergent BioSolutions,
Lansing, MI). AVA is a cell-free filtrate from a toxigenic,
nonencapsulated B. anthracis strain, V770-NP1-R (2, 10, 45).
The primary immunogen is PA (59) adsorbed to aluminum
hydroxide adjuvant (10, 29). The current AVA vaccination
schedule consists of five 0.5-ml intramuscular (i.m.) injections
at 0 and 4 weeks and 6, 12, and 18 months, with annual
boosters (10, 30).

There are various potential molecular targets in which the
host humoral antibody response to vaccination with AVA or
PA can interfere with ATx-mediated cytotoxicity. These tar-
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gets include, but are not limited to, (i) blocking of free PA83
binding to the host cell ATx receptor (TEM8 or CMG2); (ii)
inhibition of PA83 proteolytic cleavage by the host cell surface
furin-like enzyme or serum proteases, leaving the PA unproc-
essed and thus unable to form toxin complexes; (iii) interrup-
tion of PA63 heptamerization to form the prepore on the host
cell surface; (iv) blocking the binding of LF and EF monomers
to the PA heptamer prepore; and (v) disruption of internal-
ization and translocation of the ATx. Consequently, PA has
become a focal point in developing immunotherapies and next-
generation vaccines for the prevention and treatment of an-
thrax (4, 13, 21, 22, 31, 36, 39, 40, 53, 58, 60).

Most of the anti-PA therapies under development specifi-
cally target PA domains 2 and 4, with domain 4 being the most
frequent target (21, 53, 60). The therapeutic effects of antibod-
ies targeted against domain 4 are considered to be based pri-
marily on blocking the interaction of PA with its host cell
receptor (26, 49). However, in active immunization, there will
be multiple epitopes presented to the host immune system that
are critical to mounting a protective immune response and,
likewise, others that may make little or no contribution. Al-
though PA20 is cleaved from PA83 and has no described
role in the intoxication process, recent reports have pro-
posed that in AVA-vaccinated humans, the PA20 fragment
(domain 1a) contains immunodominant epitopes (48, 61).
Therefore, it was postulated that vaccines containing full-
length PA (PA83) may be suboptimal due to the dominance
of PA20 and that perhaps PA63-based vaccines may be more
advantageous (47, 48).

To address the question of suboptimal immune responses in
PA83-based vaccine and therapeutic design, we developed two
low-temperature anthrax lethal toxin (LTx) neutralization ac-
tivity (TNA) assays, the noncomplexed TNA (NC-TNA) and
receptor-bound TNA (RB-TNA) assays. These assays allow
comparison of antibody-mediated neutralization of LTx both
before and after receptor binding by PA. The goal of this work
was to evaluate the ability of anti-PA antibody responses in
AVA-vaccinated and inhalation anthrax-challenged rhesus
macaques (Macaca mulatta) to neutralize anthrax LTx in vitro
both before and after PA has bound to, and been processed at,
the cell surface receptor.

MATERIALS AND METHODS

Materials. Recombinant ATx PA (rPA), recombinant LF (rLF), and J774A.1
murine macrophages (TIB-67) were obtained from BEI Resources, Manassas,
VA. Human reference standard AVR801 was provided by the Centers for Dis-
ease Control and Prevention (CDC), and its preparation and characterization
are described elsewhere (52). AVR801 is available from the CDC and BEI
Resources under the appropriate agreements.

Rabbit sera BMI001, BMI009, BMI023, and BMI025 were produced at the
Battelle Memorial Institute as follows. BMI001 was made by pooling approxi-
mately equal volumes of serum from 50 New Zealand White (NZW; Oryctolagus
cuniculus) rabbits vaccinated with 5 to 100 �g/ml proprietary investigational
rPA83 vaccine adjuvanted with aluminum hydroxide (Alhydrogel). BMI009 was
made by pooling approximately equal volumes of serum from nine NZW rabbits
vaccinated with 82.5 �g/ml proprietary investigational rPA83 vaccine in Alhy-
drogel adjuvant. BMI023 was produced by pooling approximately equal volumes
of serum from a nine NZW rabbits vaccinated with a 1:16 dilution of AVA.
BMI025 was derived by pooling approximately equal volumes of serum from five
NZW rabbits vaccinated with 50 �g/ml proprietary investigational rPA83 vaccine
adjuvanted with Alhydrogel and then further diluting the serum approximately
1:5 in naïve rabbit serum.

Nonhuman primate (NHP) sera that were used for assay development,

BMI280 and BMI281, were produced at the Battelle Memorial Institute as
follows. BMI280 was made by pooling five different bleeds from a single rhesus
macaque vaccinated with 50 �g/ml proprietary investigational rPA83 vaccine
adjuvanted with Alhydrogel. BMI281 was made by pooling five different bleeds
from a single rhesus macaque vaccinated with 50 �g/ml proprietary investiga-
tional rPA83 vaccine (different from the vaccine used to produce BMI280)
adjuvanted with Alhydrogel.

The monoclonal antibodies (MAb) from clones 14B7 and 1G3 were gener-
ously provided by Stephen Little of USAMRIID, Fort Detrick, Frederick, MD.
MAb 14B7 recognizes an epitope on PA domain 4 between residues Asp671 and
Ile721 and inhibits binding of PA83 to the cell surface receptor but does not
prevent binding of LF to the cell-bound PA63 heptamer (Fig. 1) (26, 49). The
14B7 antibody does not inhibit LTx activity in vitro after PA83 has bound to its
cell surface receptor. In contrast, MAb 1G3 recognizes an epitope on a 17-kDa
fragment located between residues Ser168 and Phe314 that partly overlaps PA
domain 1b (residues 168 to 258). The region containing this epitope is involved
in LF binding to PA (Fig. 1) (26). MAb 1G3 preferentially binds to the cleaved
form PA63 and inhibits the binding of LF to PA bound to the cell surface.
Removal of the 20-kDa PA domain 1a fragment exposes the epitope recognized
by 1G3. 1G3 does not inhibit the binding of PA83 to the PA cell surface receptor
(26). Both MAb 14B7 and 1G3 were an integral part of the development and
routine testing of the NC- and RB-TNA assays. Throughout the study, these
antibodies served as quality control (QC) samples tested on each plate and in
both assay formats. As a QC reagent, 1G3 was required to neutralize the toxin
in all of the types of TNA assays tested, whereas 14B7 only neutralized toxin
when PA was not complexed to the cell.

Rhesus macaque (M. mulatta) sera. Rhesus macaque sera were obtained from
a cohort of animals from the CDC AVRP Immune Correlates and Duration of
Protection study (30). Briefly, rhesus macaques received undiluted or diluted
AVA (undiluted or diluted 1:5, 1:10, 1:20, or 1:40) under a three-dose i.m.
schedule (0, 4, and 26 weeks) and challenged with aerosolized B. anthracis Ames
spores at 12, 30, and 52 months postvaccination (Table 1). The full details of this
study will be published elsewhere (50; C. P. Quinn et al., unpublished data). The
antigen loads (AVA dilutions) differed for the purpose of modulating the mag-

FIG. 1. Domains and critical residues of B. anthracis PA important
for binding of 1G3 and 14B7. PA consists of domains 1 to 4. Domain
1 is composed of subdomains 1a (residues 1 to 167) and 1b (residues
168 to 258). Residues 1 to 258 contain a furin cleavage site, and upon
cleavage by furin, a hydrophobic region of PA is exposed to allow
binding by EF and/or LF (6, 32). Domain 2 is composed of residues
259 to 487 and is involved in oligomerization and formation of the
channel for LF and EF entry into the host cell cytosol (6, 24, 41, 54).
Domain 3 is made up of residues 488 to 595, and the only known
function is thought to be oligomerization (32). Domain 4, which con-
sists of residues 596 to 736, is essential for binding of host cell recep-
tors (32). MAb 1G3 recognizes an epitope on a 17-kDa fragment
located between residues Ser-168 and Phe-314 that partly overlaps
domain 1 (specifically, residues 168 to 258). This epitope is involved in
LF binding to PA. 1G3 preferentially binds to PA63 (specifically,
between residues Ser-168 and Phe-314, a region which spans domains
1 and 2) and inhibits the binding of LF to PA bound to the cell surface.
Removal of the 20-kDa fragment (domain 1a) is required to expose the
epitope recognized by 1G3. 1G3 does not inhibit binding of PA83 to
the PA cell surface receptor. MAb 14B7 recognizes an epitope on
domain 4 between residues Asp-671 and Ile-721 and inhibits binding of
PA83 to the cell surface receptor but does not prevent binding of LF
to PA. 14B7 does not inhibit LTx activity after PA83 has bound to the
PA cell surface receptor (32). Note that this image is for illustration
and is not to actual scale.
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nitude of the rhesus macaque immune response. In the present study, we eval-
uated serum samples taken from 110 animals across all vaccine dilution groups
at week 30, which corresponds to the peak response to the third i.m. vaccination
with AVA. Additional sera from 20 of these animals (52-month time point only)
were obtained at 14 days postexposure to B. anthracis Ames spores (28; Quinn et
al., unpublished). Table 1 summarizes the animal groupings by challenge month,
AVA dose, and percent survival for the samples used in these experiments.
Rhesus macaque sera used for these analyses were collected at the Battelle
Memorial Institute and the Emory Vaccine Center, Atlanta, GA, under study
protocols approved by Institutional Animal Care and Use Committees at the
CDC, the Battelle Memorial Institute, and the Emory Vaccine Center.

TNA assays. The low-temperature TNA assays (the NC- and RB-TNA assays
described later) were performed similarly to the regular TNA assay (referred to
here as the R-TNA assay) as described by Li et al. but with minor modifications
(23, 38). Briefly, J774A.1 murine monocytes/macrophages (TIB-67) were cul-
tured in a medium consisting of Dulbecco’s modified Eagle’s medium (Gibco
BRL, Gaithersburg, MD) with 5% heat-inactivated fetal bovine serum (Hy-
Clone, Logan, UT), 1% penicillin-streptomycin (Gibco BRL), and 1% 1 M
HEPES buffer (Gibco BRL). Cells were scraped from confluent cultures and
used to seed 96-well plates (100 �l per well) at 3 � 105 to 5 � 105 cell/ml and
incubated for 16 to 18 h at 37°C in 5% CO2 to fully attach. Similar to that
described by Little et al. (25), two variants of the R-TNA assay were performed
to study interactions among J774A.1 cells, PA, LF, MAb, and immune serum
from NHPs. To distinguish the two types of low-temperature TNA assays con-
ducted in part at 4°C from the R-TNA assay (run at 37°C) and each other, the
low-temperature TNA assays will be referred to as the NC-TNA assay and the
RB-TNA assay.

In the NC-TNA assay, the AVR801 reference standard, NHP antisera, and the
MAb were serially diluted 1:2 in a 96-well plate (preparation plate) by adding the
sera or MAb to row A and diluting the samples 1:2 through row G with cold
(4°C) medium to produce a seven-point dilution curve. The PA and LF were
diluted to final concentrations of 100 and 50 ng/ml, respectively, and preincu-
bated with test and control antibodies at 4°C on ice for 2 h. Meanwhile, the
96-well plates seeded with the cell monolayers on the previous day were cooled
by placement at 4°C on ice for 30 min. The growth medium was aspirated from
the cell plates, and 100 �l of the serum-MAb-LF-PA cocktail was transferred
from the preparation plate to the corresponding wells of the cell plate and
incubated at 4°C on ice for 2 h. To complete the intoxication of the cells, the cell
plates were gradually warmed by incubation first for 45 min at 4°C (no ice) and
then at 37°C in 5% CO2 for 2 h 15 min.

In contrast to the NC-TNA assay, the RB-TNA assay cell plates were first
cooled by placement at 4°C on ice for 30 min. After chilling, the growth medium
was carefully aspirated and 100 �l of cold (4°C) medium containing PA was
added to the cell plates to a final concentration of 100 ng/ml and incubated at 4°C
on ice for an additional 60 min. During the PA incubation, the test and control
antibodies were diluted 1:2 in a separate 96-well preparation plate to create a

seven-point dilution curve. At the completion of the PA incubation with the cells,
the medium and unbound PA were decanted and 100 �l of the antisera/MAb was
transferred from the preparation plates to the cell plates and incubated for 1 h
at 4°C on ice. The sera/MAb were then decanted from the wells, 100 �l of LF was
added to a final concentration of 50 ng/ml, and the plates were incubated for 45
min at 4°C, followed by 2 h 15 min at 37°C in 5% CO2 to complete the cell
intoxication.

For both assays, after the cell intoxication steps were completed and without
removing the serum-MAb-toxin solutions, a 25-�l volume of tetrazolium salt,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma
Chemicals, St. Louis, MO) dissolved in 0.01 M phosphate-buffered saline (pH
7.4) was added to each well and incubated for 2 h at 37°C in 5% CO2. Without
removing the MTT, 100 �l of solubilization buffer, an aqueous preparation of
20% (wt/vol) sodium dodecyl sulfate (Sigma Chemicals, St. Louis, MO) in 50%
(vol/vol) N,N,-dimethylformamide (Fisher Scientific, Pittsburgh, PA) was added
to each well, and the plates were incubated for 16 to 20 h at 37°C in 5% CO2. LTx
cell lysis was measured by determining cell viability colorimetrically using MTT
as the reporter system. Serum- or MAb-mediated neutralization of LTx was
manifested as suppression of cytotoxicity and hence preservation of cell viability.
Cell viability was measured by the reduction of MTT by viable cells that pro-
duced a color change.

The plates were read on a BioTek ELx800 microplate reader using the soft-
ware KC4 Signature at a wavelength of 570 nm and at 690 nm as a reference filter
(BioTek Instruments, Inc., Winooski, VT). The raw data were exported from
KC4 and analyzed using SAS Version 9.1 (SAS Institute, Cary, NC) running the
customized assay endpoint calculation algorithm developed by the CDC (version
ED50.61CORE03.sas and ED50.61BETA03_printing plots.sas) (23). A four-
parameter logistic curve fit was applied to the standard curve using the equation
y � (A � B)/[1 � (x/C)D̂] � B, where A represents the y value which corresponds
to the lower asymptote (i.e., zero neutralization response), B represents the y
value which corresponds to the upper asymptote (i.e., maximum neutralization
response), D represents the slope factor, and C represents the inflection point
which is the x value associated with the y value at the midpoint between A and
B (11). The reciprocal of C is the dilution at which there is 50% neutralization,
or the 50% effective dilution (ED50). The code used a four-parameter logistic
model to fit a dose-response curve to the data. For evaluation of sera of low
reactivity, the code contains a pattern recognition algorithm which distinguishes
among fully formed sigmoid neutralization curves and partially formed curves
and is further described by Li et al. (23). In addition to the ED50, the 50%
effective concentration (EC50) was also calculated during assay development to
help compare the neutralizing activities of MAb to those of sera. The EC50 was
calculated as the quotient of the ED50 and the mean anti-PA IgG concentration
titer as determined by enzyme-linked immunosorbent assay (data not shown) and
is presented in �g/ml. The EC50s are only presented in conjunction with the
ED50 data in Table 2, and thereafter, all data are reported as ED50s only.

Data handling and statistical analyses. All ED50 data were included in the
analyses, with the exception of the samples that presented ED50 values that were
below the limit of detection (LOD) in the NC-TNA and/or RB-TNA assays. Of
the 110 NHP serum samples from the 30-week postvaccination time point, there
were nine samples in this category. Of these nine samples, seven had ED50s
below the LOD in the RB-TNA assay and two had ED50s below the LOD in both
the RB- and NC-TNA assays (23).

An analysis of variance model was fitted to the log-transformed assay devel-
opment ED50 and EC50 data separately for each sample to determine if there was
a significant difference between (i) the R-TNA and NC-TNA assays and (ii) the
R-TNA and RB-TNA assays using Tukey’s test at a 0.05 level of significance.
Next, only the ED50 data from the 30-week postvaccination time point (the
remaining 99 samples) were log10 transformed and plotted and a linear regres-
sion model was fitted to determine the relationship between the NC-TNA
(PA83) and RB-TNA (PA63) assays with respect to the ED50 endpoint. Linear
regression was also used to determine if the relationship between the NC- and
RB-TNA assays remained consistent among animals that survived the challenge
and animals that did not survive the challenge. Additionally, logistic regression
models on survival were fitted to the log10-transformed ED50 data in order to
assess whether the NC- and RB-TNA assays were predictive of survival across
challenge times. If challenge time was not a significant factor in the relationship,
then a logistic regression model based on survival was fitted to the data regard-
less of the challenge time to estimate the antibody levels and the Fieller approx-
imate 95% confidence intervals (CIs) associated with 80%, 90%, and 95% sur-
vival probabilities. Finally, linear regression analysis was used to determine
whether the same relationship between the NC- and RB-TNA assays held for
postchallenge sera as for prechallenge sera (samples from 20 macaques from the
52-month challenge time point only).

TABLE 1. NHP challenge and dose groups

Challenge time
point (mo)

and AVA dose

Survival frequencya

�no. of survivors/
total (%)�

12
1:10.................................................................................... 6/8 (75)
1:20.................................................................................... 5/9 (56)
1:20....................................................................................6/10 (60)
1:40.................................................................................... 2/3 (66)
1:40.................................................................................... 7/8 (88)

30
Undiluted ......................................................................... 9/9 (100)
1:5...................................................................................... 6/6 (100)
1:10.................................................................................... 6/9 (67)
1:20.................................................................................... 7/8 (88)

52
Undiluted .........................................................................8/10 (80)
1:5...................................................................................... 9/9 (100)
1:10....................................................................................6/10 (60)

a The survival frequency represents the subset of rhesus macaque samples
tested only in the NC- and RB-TNA assays.
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As part of the linear regression analysis, the regression coefficients (r2 values)
and slopes were calculated for the ED50 value groupings. When testing whether
there was a statistically significant difference between slopes, a t test at a 0.05
level of significance was used. The data sets used in each analysis are further
described in Results.

RESULTS

The rationale for developing the NC-TNA assay was to
provide a comparative functional control for the effects of
running the assay at reduced temperatures and to bridge the
data from the RB-TNA assay performed at 4°C with those
from the traditional R-TNA assay performed at 37°C. Figure 2
compares the three types of TNA assays. In the NC-TNA
assay, antisera or MAb were preincubated with both the PA
and LF toxin components in solution. The NC-TNA assay was
similar to the R-TNA assay in that it was designed to quantify
the antibody response that neutralized at any of several steps in
the intoxication pathway: (i) the PA in solution prior to binding
to the ATR, (ii) activation of the PA to form the heptamer, (iii)
and/or binding of LF to form the lethal toxin complex (so
neutralization could also take place with the RB 63-kDa form
of the PA in this assay). In contrast to the R-TNA assay, which
is conducted entirely at 37°C, in the NC-TNA assay, the PA
and LF neutralization incubation was conducted at 4°C on ice.
Additionally, in the NC-TNA assay, the cell monolayer was
first cooled before the intoxication step by incubating the cells
at 4°C on ice and the cold PA-LF-serum cocktail was then
transferred to the chilled cell monolayers. The cell monolayers
were warmed to 37°C, at which temperature cell intoxication
progressed (Fig. 2).

The purpose of the RB-TNA assay was to delineate the level
of neutralization from antibodies that complexed with only the
RB form of PA (PA63). The RB-TNA assay approach to cell
intoxication by LTx proceeded in a two-stage fashion. In this
assay, the cell monolayers were first cooled to 4°C to minimize
receptor internalization and facilitate measurement of recep-
tor-binding events (46). In the first stage, only PA83 (no LF)
was incubated directly with the cooled cell monolayers. This
first cooled incubation step allowed for binding and cleavage of
PA83 to the 63-kDa form (PA63) on the cell surface before the
addition of the LF. This differs from the R-TNA and NC-TNA
assays, where both PA and LF were preincubated together with
antisera in solution at 37°C and 4°C, respectively. Unbound
PA83 and cleaved 20-kDa PA fragments were removed, leav-
ing only the PA63 form bound to the lipid bilayer. Antiserum
containing anti-PA antibody was then added. The cell plates
and all reagents were kept cold at all times; therefore, the
cooled membranes slowed the otherwise rapid degradation or
internalization of the PA63 complexes so as to enable the
binding of antibodies that were specific to the 63-kDa form of
the RB PA. In the second stage of the RB-TNA assay, the
antiserum was removed and LF was added, the cell monolayers
were warmed to 37°C, and toxicity progressed so that the cells
lysed, with the exception of where the antibodies neutralized
the toxin in a dose-dependent fashion (Fig. 2).

Development of low-temperature TNA assays. Using MAb
14B7 and 1G3 as controls, we first demonstrated that the NC-
and RB-TNA assays could distinguish between the NC and RB
PAs. In addition to the MAb, antisera from different genera

FIG. 2. Schematic of the R-, NC-, and RB-TNA assays (Ab represents either antiserum or MAb). The traditional R-TNA assay (A) performed
as described by Li et al. (23) and the NC-TNA assay (B) both quantify neutralization from antibodies that recognize unbound PA83 in solution,
although some recognition of bound PA63 can occur after the cocktail of PA, LF, and Ab is added to the cells. The NC-TNA assay (B) was
developed solely to include cell cooling steps so that the results of the RB-TNA assay may be compared to those of the traditional R-TNA assay.
The cooling step performed in the NC-TNA assay slightly affected the potency of Ab neutralization (as evident in Table 2; comparison of R- and
NC-TNA assays), although the level of neutralization by the Ab is proportional between the assays. The RB-TNA assay (C) was developed to
delineate the level of neutralization from antibodies that complexed with only the RB form of PA (PA63), as unbound PA is removed from the
cells prior to the addition of Ab and LF. The cooling steps for this assay served to cool the lipid bilayer cell membrane to slow PA internalization
so that after unbound PA was removed, the subsequently added anti-ATx Ab could effectively bind surface-bound PA without the presence of LF.
The LF was added after unbound Ab was removed so that the cells could be warmed and intoxication could proceed.
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(humans, NHPs, and rabbits) that received different PA-based
vaccines (AVA or rPA) were tested to determine if the assays
were comparable (Table 2). The approximately 10-fold lower
potency of 1G3 in the RB-TNA assay than in both the R- and
NC-TNA assays is an intriguing observation that may merit
further investigation (Table 2). An explanation for this phe-
nomenon may be that receptor binding by PA affects the af-
finity or accessibility of the epitope for 1G3 such that PA63-
bound MAb is more readily displaced by LF in the later stages
of the assay and toxin internalization process. The ratio of
reportable values for 1G3 in the R-TNA assay and NC-TNA
assay, 1.3, indicates that the potency of this antibody in these in
vitro assays was not significantly affected by temperature (P �
0.0555, Table 2). Despite the decrease in relative activity, 1G3
still provided substantial neutralization in the RB-TNA assay,
with an ED50 of 9,560 (EC50 of 0.533 �g/ml), whereas there
was no detectable neutralization by 14B7 (Table 2). These data
confirmed that neutralization by 14B7 is a pre-receptor-bind-
ing event, whereas neutralization by 1G3 is a post-receptor-
binding event, and demonstrated that the assays were perform-
ing as intended. Thus, domain 4 of PA, to which 14B7 binds,
was blocked in the RB-TNA assay since the PA was prebound
to the ATR. Moreover, 1G3 was effective in neutralizing in all
three assays because it binds to exposed domains 1b to 3 of
PA63. Domains 1b, 2, and 3 are the only sites on PA that are
accessible for antibody binding in the RB-TNA assay and are
accessible in later steps of the R- and NC-TNA assays. The
results demonstrated that the assays distinguish effectively be-
tween bound and unbound PA because only 1G3 neutralized
PA in all three (R-, NC-, and RB-TNA) assay formats whereas
14B7 did not neutralize in the RB-TNA assay.

The ED50 ratio of the NC-TNA assay to the R-TNA assay
was consistently lower than the ED50 ratio of the RB-TNA
assay to the R-TNA assay for all of the sera tested (Table 2).
The results revealed a statistically significant shift in LTx neu-
tralization potency among the three (R-, NC-, and RB-TNA)
assays (Table 2). For polyclonal serum, the magnitude in the
shift in ED50 values of the R-TNA assay compared to those of
the NC-TNA assay is approximately 2-fold lower, and the ED50

values of the R-TNA assay are approximately 4-fold lower than
those of the RB-TNA assay. Likewise, for the EC50 data, the
NC-TNA assay potency is approximately half that of the R-
TNA assay and the RB-TNA assay potency is approximately
one-quarter that of the R-TNA assay. When they were com-
pared to each other using either ED50 or EC50 assay readouts,
there was an approximately 2-fold difference between the NC-
and RB-TNA assays (Table 2). These data indicate that the
reduction in assay operating temperature effected an approx-
imately 2-fold reduction in polyclonal anti-PA antiserum po-
tency and the combined effect of temperature reduction and
receptor binding effected a 4-fold reduction in potency. The
ratios of the potencies of the polyclonal serum tested between
the NC- and RB-TNA assays compared to the R-TNA assay
were remarkably consistent among the three species tested
(humans, NHPs, and rabbits) and the PA-based vaccines
(AVA and rPA) (Table 2). Collectively, these data demon-
strate that the NC-TNA assay and RB-TNA assay are able to
distinguish the in vitro neutralization of RB and nonbound PA.

When the week 30 postvaccination macaque samples were
tested, linear regression analyses of the ED50 endpoint data

were performed comparing the NC-TNA assay and RB-TNA
assay ED50 outputs, which demonstrated an r2 value of 0.9060
and a slope of 0.9196 (Fig. 3A). At the midpoint of the regres-
sion line, there was a 1.9-fold change using the slope of 0.9196
and the intercept of 0.4413. These data indicated a direct
relationship between serum in vitro neutralizing efficacies in

FIG. 3. Correlation of log10 ED50 titers for week 30 postvaccination
samples combined between the NC- and RB-TNA assays and sepa-
rately based on survivors versus nonsurvivors. Linear regression anal-
ysis was performed on the log10 ED50 data from both the NC- and
RB-TNA assays to determine if the assays correlated with each other
using rhesus macaque sera taken from the AVRP project. Panel A
represents the week 30 postvaccination samples combined (n � 101),
whereas panel B represents the week 30 postvaccination samples an-
alyzed separately based on survivors versus nonsurvivors. As part of
the analysis, the r2 and slope were calculated. For the combined anal-
ysis, there was a strong positive correlation (r2 � 0.9060) between the
RB- and NC-TNA assay ED50 titers. In addition, separate regression
lines were fitted to the 30-week postvaccination samples from surviving
(n � 76) and nonsurviving (n � 25) animals to determine if there was
a difference in assay correlation for either cohort of animals. As part of
the analysis, the r2 and slope were calculated for the ED50 titers. To
test whether there was a statistically significant difference between the
slopes of the surviving animals and the nonsurviving animals, a t test at
a 0.05 level of significance was used. The slopes were not statistically
significantly different (P � 0.3389), and there was a strong positive
correlation (survivor r2 � 0.8969, nonsurvivor r2 � 0.8838) between
RB- and NC-TNA assay ED50 titers.
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the two assay systems, manifest as a consistent 2-fold shift in
ED50 between the NC-TNA and RB-TNA assays. This is con-
sistent with the ED50 and EC50 data presented in Table 2 from
assay development.

Evaluation of rhesus macaque vaccination responses and
association with protection. The comparability of the NC- and
RB-TNA assays was established during development using the
MAb and polyclonal sera. Consequently, peak response sera (4
weeks after the third vaccination) from AVA-vaccinated rhe-
sus macaques were analyzed in the NC- and RB-TNA assays to
determine whether a differentiation between RB and unbound
PA neutralization in response to vaccination correlated with
survival of inhalation anthrax.

Linear regression analyses were used to determine whether
the RB- and NC-TNA assays were able to distinguish vaccine-
induced neutralization responses in macaques that subse-
quently survived the challenge from those that succumbed to
infection (Fig. 3B). These data demonstrated a strong positive
correlation between week 30 ED50 values in both assays for
survivors (r2 � 0.8969) and nonsurvivors (r2 � 0.8838). The
regression slopes for survivors and nonsurvivors were 0.9313
and 0.8663, respectively, and these were not statistically signif-
icantly different (P � 0.3389). These data indicated that the
ability of week 30 antibody responses to neutralize RB PA was
predictive of protection but not in itself a correlate of protec-
tion for AVA-vaccinated rhesus macaques.

NC- and RB-TNA assay titers are predictive of survival. We
determined that NC- and RB-TNA assay responses were pre-
dictive of survival across challenge times, whether the chal-
lenge was months or years after vaccination. The animal
groups consisted of animals challenged at 12, 30, and 52
months (Table 1). Logistic regression curves were fitted to the
log10 ED50 data using the 30-week postvaccination samples
from both the NC- and RB-TNA assays to determine if the
assays were predictive of survival (Fig. 4). The models were
fitted to each challenge time (12, 30, or 52 months) and each
assay separately (RB- or NC-TNA assay), where it was deter-
mined that challenge time was not significant (Fig. 4A and B;
RB-TNA assay, P value of 0.6111; NC-TNA assay, P value of
0.5282). This allowed for a combined logistic model to be fitted
so that data from each assay could be directly compared (Fig.
4C). The antibody levels associated with 80%, 90%, and 95%
survival probabilities were assessed (Table 3) using the model
from Fig. 4C. An LTx-neutralizing ED50 titer of 721 in the
NC-TNA assay or a titer of 366 in the RB-TNA assay at week
30 (using a 0-, 4-, and 26-week i.m. regimen) was predictive of
at least 80% protection against an aerosol challenge with vir-
ulent B. anthracis Ames spores up to 52 months after the first
vaccination (Table 3). According to the model, higher ED50

FIG. 4. Logistic regression curves of log10 ED50 titers from week 30
postvaccination samples. Logistic regression curves were fitted to the
log10 ED50 data using the 30-week postvaccination samples (n � 101)
from both the NC- and RB-TNA assays to determine if the assays were
predictive of survival. (A) First, models were fitted to the log10 ED50
RB-TNA assay data by challenge month (12 months, green line, n �
39; 30 months, blue line, n � 33; 52 months, red line, n � 29). It was
determined that challenge time was not a significant effect in the
RB-TNA assay logistic models (P value of 0.6111), which permitted
analysis of the RB-TNA assay data regardless of the challenge month
(overall model, black line). (B) Next, the models were fitted to the
log10 ED50 NC-TNA assay data by challenge month (12 months, green
line, n � 39; 30 months, blue line, n � 33; 52 months, red line, n � 29).
It was determined that challenge time was not a significant effect in the
NC-TNA assay logistic models (P value of 0.5282), which permitted
analysis of the NC-TNA assay data regardless of the challenge month
(overall model, black line). (C) Finally, since the challenge times did
not significantly affect the RB- and NC-TNA assay models, the overall

models from the assays were combined and assessed together regard-
less of the challenge month (black line, RB-TNA assay; blue line,
NC-TNA assay). From this analysis, it was found that the slopes are
significant in both models (P value of 0.0015 for the RB-TNA assay
logistic model and P value of 0.0020 for the NC-TNA assay logistic
model); thus, both the NC- and RB-TNA assays were predictive of
survival, regardless of the challenge month.
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values provided additional protection with an improved prob-
ability of survival (Table 3).

Comparison of immune responses to AVA vaccination and
native PA from a B. anthracis aerosol challenge. Due to the
high positive correlation between the NC- and RB-TNA assay
results, it appeared that prebinding of lethal toxin to the re-
ceptor did not have a measurable effect on the ability of anti-
AVA antiserum to neutralize LTx, and therefore, there was
not a bias in antibody response to AVA to a specific PA
domain. However, it was not clear if the same conclusion
applied to anti-PA antibodies that were generated postinfec-
tion in response to a B. anthracis aerosol challenge. Therefore,
we sought to determine whether the same relationship held for
postchallenge sera, as the native PA antigen presented during
infection may be different from the PA presented to the host
from vaccination. We hypothesized that perhaps specific PA
domain dominance might be elicited postinfection. Twenty
samples from the 52-month challenge group that survived an
aerosol challenge with virulent B. anthracis spores (collected 14
days postchallenge, irrespective of the challenge month) were
tested in both the NC- and RB-TNA assays, and the resulting
data were compared to the corresponding week 30 postvacci-
nation time point data for each animal using linear regression
analysis. The ED50 response postchallenge was at least 100-
fold higher than the response after vaccination, but it did not
appear to be biased toward the NC or RB mechanism of
neutralization. This is demonstrated by the nearly identical r2

values of 0.8952 and 0.9331 (P value of 0.7309) for the 30-week
postvaccination and 14-day postchallenge samples, respectively
(Fig. 5).

DISCUSSION

It has been reported previously that sera from rhesus ma-
caques immunized with AVA, rPA, or the United Kingdom
licensed anthrax vaccine precipitated (AVP) contain toxin-
neutralizing antibodies that recognize all four of the domains
of PA (47, 48, 60). While antibody recognition of the N ter-
minus of PA was predominant in macaques immunized with
the existing vaccines (AVP and AVA), macaques immunized
with rPA recognized both the N- and C-terminal domains of
PA (60). Nonetheless, other studies of the anti-PA responses
to AVA have proposed that the PA20 fragment (domain 1a)
may carry the immunodominant epitopes in AVA-vaccinated
donors. This suggests that removing the immunodominant
epitopes found in PA20 from the vaccine would improve the
vaccine by targeting RB PA epitopes (47, 48, 61). Therefore,
the PA63 conformer has received some attention as a vaccine

component, whether as the recombinant protein, as a trun-
cated gene transcript expressed in Salmonella spp., or as a
component of purified DNA vaccines (8, 12). The rationale for
this approach resides in the concepts that PA63 may present
different, more relevant, epitopes to the immunized host than
does PA83 and that direct presentation of PA63 eliminates the
need for proteolytic processing of the full-length molecule.
However, despite some success in animal models, the devel-
opment of PA63 as a vaccine component is technically chal-
lenging because it is difficult to produce and purify (e.g., prob-
lems with aggregates and mixture of conformers). Therefore,
the focus of recombinant PA vaccine research and develop-
ment still remains on full-length PA83.

In this study, we demonstrated that LTx-neutralizing re-
sponses elicited by AVA vaccination in rhesus macaques can
neutralize LTx in vitro even after it has bound to the cell
surface receptor. Receptor binding was confirmed by loss of
neutralization by MAb 14B7 while retaining neutralization by
MAb 1G3 (26). The consistent correlations between the NC-
and RB-TNA assays indicate that vaccination with AVA gen-
erates a repertoire of anti-PA immune responses capable of
neutralizing free and RB PA. The results of this study indicate
that vaccination by AVA provides protection against multiple
targets in LTx intoxication of host cells, perhaps by blocking
the PA-LF interaction required for LTx formation, thereby
preventing LTx internalization/translocation or by successfully
displacing PA from the cell surface receptor. We interpret the
high correlation between vaccine-induced and postinfection
serum activities in the NC- and RB-TNA assays to mean that

FIG. 5. Relationship between NC- and RB-TNA assay ED50 titers
in surviving animals (n � 20) at week 30 postvaccination and at day 14
postchallenge (log10 ED50). Linear regression analysis was performed
on the log10 ED50 data using the 30-week postvaccination samples and
day 14 postchallenge samples from both the NC- and RB-TNA assays
to determine if the assays correlated with each other. Separate regres-
sion lines were fitted to the 30-week postvaccination titers and the day
14 postchallenge titers to determine if there was a difference in assay
correlation for either cohort of animals. As part of the analysis, the r2

and slope were calculated for the ED50 values. To test whether there
was a statistically significant difference between the slopes of the 30-
week postvaccination samples and day 14 postchallenge samples, a t
test at a 0.05 level of significance was used. The slopes were found to
be not statistically significantly different (P value of 0.7309).

TABLE 3. ED50 levels in the NC- and RB-TNA assays associated
with NHP survival of inhalation challenge

with B. anthracis spores

Survival
probability (%)

ED50

RB-TNA assay NC-TNA assay

80 366 (169, 1,838)a 721 (338, 3,831)
90 1,340 (500, 41,061) 2,594 (975, 97,031)
95 4,431 (1,136, 858,337) 8,441 (2,169, 2,275,952)

a The values in parentheses are 95% CIs.
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the anti-PA response elicited by AVA is qualitatively not dif-
ferent from that following exposure of vaccinated animals to
PA during inhalation anthrax.

The neutralizing response in the RB-TNA assay was very
consistent across low and high ED50 values, survivors and non-
survivors, challenge times, and postvaccination and postchal-
lenge, indicating that the anti-PA neutralizing response occurs
irrespective of blocking of the interaction between domain 4 of
PA and the host cell receptor. It was also determined during
these studies that there was a strong positive correlation in
both the NC- and RB-TNA assays between the magnitude of
the ED50 response and survival. These findings are consistent
with results of other studies that employed the traditional
R-TNA assay (23, 38).

It is important to note that one must be careful when as-
signing a value to a protective ED50 titer because it depends on
the vaccine used and its formulation, the assay from which the
ED50 was obtained, the timing of sample collection, and the
treatment of the donor prior to sampling (e.g., the number of
vaccinations, etc.). For example, the results of this study dem-
onstrated that an ED50 of 2,941 in the RB-TNA assay from the
30-week postvaccination samples was predictive of up to 95%
protection. However, this ED50 value may not apply to other
vaccines or regimens. Interestingly, observations from the NC-
and RB-TNA assays align with data from the R-TNA assay
such that the nature of the peak response immediately follow-
ing the third vaccination with AVA (which, using the original
AVA vaccination schedule, was at 4 weeks) gives the best
correlation with 95% protection (28).

The data presented here demonstrate that there was not a
functional bias in the immune response to PA following AVA
vaccination, as indicated by the analysis of the pre- and post-
challenge samples. In fact, the only clear difference was an
increase in the magnitude of the peak anti-PA IgG response, as
judged by higher ED50s, to toxin exposure postchallenge. Thus,
although the magnitude of the ED50 response was greater after
aerosol infection, the relationship between neutralization in
the RB assay and in the NC assay did not change compared to
the vaccine-induced response alone. Because the animals were
primed by PA from the AVA vaccination, the higher neutral-
izing response after challenge was an anamnestic response due
to common epitopes in AVA PA and infection PA.

Taken together, these data demonstrate that the PA com-
ponent of AVA is highly immunogenic and the humoral im-
mune response generated by vaccination with AVA is potent in
neutralizing multiple mechanistic steps of intoxication by an-
thrax LTx. Importantly, this study showed that the regions of
PA occluded during receptor binding via domain 4 are not the
only protective epitopes in a PA-based vaccine. Given that the
PA domain 4 epitopes can be modified without affecting toxin
activity (49), we conclude that domain-based recombinant vac-
cines must be evaluated with great care. The results of this
study, specifically, the RB-TNA assay results, found that cre-
dence should be given to using vaccines that include the 83-
kDa form of PA, as it includes not only domain 4 but also
domains 2 and 3 and part of domain 1, which provide epitopes
necessary for a comprehensive antigenic repertoire and an
effective vaccine. In conclusion, these data provide additional
evidence that functionally competent full-length PA83 is an
excellent vaccine antigen, and the relative ease of its produc-

tion and purification, compared to properly folded, conforma-
tion-competent PA domain-based vaccines, is justification for
continuing to pursue PA83 as the primary vaccine candidate.
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